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ABSTRACT: We report the synthesis of a novel ladder-type 
fused ring donor, dithienogermolodithiophene, in which two 
thieno[3,2-b]thiophene units are held co-planar by a bridging 
dialkyl germanium. Polymerisation of this extended mono-
mer with N-octylthienopyrrolodione by Stille polycondensa-
tion afforded a polymer, pDTTG-TPD, with an optical band 
gap of 1.75 eV combined with a high ionization potential. 
Bulk heterojunction solar cells based upon pDTTG-
TPD:PC71BM blends afforded efficiencies up to 7.2% without 
the need for thermal annealing or processing additives. 
There has been significant recent progress in the develop-
ment of conjugated polymers for use in organic field effect 
transistors and bulk heterojunction (BHJ) polymer solar 
cells.
1
 One promising class of polymers for these applications 
are the so-called ladder polymers
2
, in which linked aromatic 
units such as thiophene or benzene are forced to be co-
planar and fully conjugated by the use of bridging heteroa-
toms.
3
 The enforced co-planarity reduces rotational disorder 
thereby lowering reorganization energy and potentially in-
creasing charge carrier mobility.
4
 The bridging atoms also 
serve as a point of attachment for the necessary solubilizing 
groups needed to ensure processable materials.  
Within the class of donor-acceptor ladder polymers, 
bridged bithiophenes have proven to be a particularly useful 
building block. For example donor-acceptor type co-
polymers of cyclopentadithiophene (a C bridge) with 2,1,3-
benzothiadiazole have exhibited FET mobilities up to 3.3 cm
2
 
V
-1
 s
-1
 when substituted with long hexadecyl sidechains.
5
 The 
incorporation of bulky 2-ethylhexyl sidechains affords a more 
amorphous polymer, which nevertheless showing promising 
BHJ efficiencies of 5.5% when processed from solutions with 
high boiling additives.
6
 Changing the bridging heteroatom 
from C to Si (dithienosilole) or Ge (dithienogermole) for 
analogous benzothiadiazole co-polymers enhances crystallin-
ity, leading to improved charge transport and a reduction in 
bimolecular recombination.
7
 The improvement in crystallini-
ty has been rationalised on the basis of the longer C–Si/Ge 
bond compared to the C–C bond, which alters the geometry 
of the fused heterocycle facilitating enhanced intramolecular 
interactions.
8
 In addition the replacement of the C bridge 
with Si or Ge alters the electronic energy levels of the result-
ant polymers, generally resulting in a lowering of both the 
HOMO and LUMO. This has been rationalized by interac-
tion σ* orbital of the silylene/germylene fragment with the 
π* orbital of the aromatic system.
9
  
Based upon the promising performance of these bridged 
dithiophene monomers, we were interested to further extend 
the conjugation length of the monomer and improve its co-
planarity by the incorporation of fused thieno[3,2-]thiophene 
(TT) instead of thiophene.
10
 Thieno[3,2-b]thiophene has been 
widely utilized as a co-monomer in a variety of high perform-
ing polymers, where it has been shown to promote intra-
chain packing and improve charge carrier mobility.
11
 In addi-
tion the incorporation of TT in place of thiophene has been 
shown to lower the HOMO level (i.e. move further from the 
vacuum level) of the resultant polymers,
11a
 which is expected 
to be beneficial for both the air stability of p-type FET poly-
mers and result in an increase in open circuit voltage for 
photovoltaic donor polymers. 
Here we report the first synthesis a new donor monomer, 
in which the bis(thieno[3,2-b]thiophene) is bridged by a di-
alkylgermanium group. The germanium bridging group was 
utilized because of its improved stability to base over the 
analogous Si compounds, which facilitates monomer synthe-
sis and purification.
7d
 We choose to co-polymerise this novel 
monomer (DTTG) with N-octylthienopyrrolodione (TPD), 
since the latter has been shown to be a promising co-
monomer for the donor solar cell polymers.
12a-c,12d 
 
The synthesis of the polymer pDTTG-TPD is shown in 
scheme 1. Dibromination of commercially available TT with 
NBS, followed by protection of one of the aryl bromides as a 
trimethylsilyl group afforded the previously reported TT der-
ivation 3.
13
 Here we exploit the propensity of arylhalides to 
undergo base catalyzed rearrangements (the halogen dance 
mechanism) to afford the most stable organometallic spe-
cies.
14
 Thus treatment of 5-bromothieno[3,2-b]thiophen-2-
yl)(trimethyl)silane 3 with one equivalent of LDA at -78°C 
 afforded the rearranged 6-bromothieno[3,2-b]thiophen-2-
yl)(trimethyl)silane. This was not isolated, but was oxidative-
ly dimerised in situ by treatment with CuCl2 to afford the 
dibromide 4 in 70%. This was dilithiated at -90°C and reacted 
with dibromobis(2-ethylhexyl) germane to afford the ring 
closed germole 5 in 60%. We note that the di-anion of 4 had 
a tendency to decompose by ring opening due to the electron 
rich nature of the thieno[3,2-b]thiophene. This degradation 
could be minimised by maintaining the temperature below -
90°C, and using diethyl ether rather than THF as the solvent.    
Scheme 1. Synthetic route to pDTTG-TPD. 
 
Conversion of the germole 5 to the required distannyl de-
rivative was achieved by treatment with NBS, followed by 
lithiation of the resulting dibromide and stannylation at low 
temperature. Purification was complicated by the tendency 
to destannylate during attempted chromatographic purifica-
tion upon silica. Thus preparative recycling GPC was utilized 
to afford high purity monomer 
Stille polymerisation with TPD was performed under mi-
crowave-assisted coupling conditions.
15
 The crude polymer 
was end-capped in situ, and then purified by precipitation 
and soxhlet extraction to afford pDTTG-TPD as a dark solid 
in 74% yield. The polymer was soluble in chlorobenzene and 
chloroform upon heating.  Molecular weights by GPC in hot 
chlorobenzene against polystyrene standards were moderate, 
with a weight average molecular weight (Mw) of 17 KDa and a 
PDI of 1.4. Here we note that two separate polymerization 
batches gave very similar results. The thermal stability of the 
polymer was good, with the onset of degradation occurring 
at 340 °C and 5% weight loss at 385°C (fig S1). Differential 
scanning calorimetry (DSC) (fig S2) showed no obvious 
thermal transitions between 25 and 300 °C. 
The optical properties of pDTTG-TPD were characterized 
by UV-vis absorption spectroscopy. As shown in Figure 1, the 
solution spectrum displays a maximum at 595 nm and a 
shoulder at 643 nm. The shoulder is assigned to the aggrega-
tion of pDTTG-TPD since heating to 85 °C results in a 7 nm 
blue shift of the maximum and a decline in the relative in-
tensity of the shoulder. This suggests the existence of inter-
molecular stacking even in dilute solution. Upon film for-
mation the absorption red shifts and the relative peak inten-
sities change, with the former shoulder now becoming the 
strongest intensity peak at 663 nm with a weaker shoulder at 
608 nm. Such changes are indicative of an increasing degree 
of polymer aggregation and backbone planarization com-
pared to solution. From the onset absorption in the solid 
state, the optical band gap was calculated to be 1.75 eV. 
 
Figure 1. Absorption of pDTTG-TPD in chlorobenzene and 
as a thin film, (insert) Cyclic voltammetry of a thin film of 
pDTTG-TPD in 0.1 M Bu4NPF6 acetonitrile solution. 
The tendency to aggregate in the solid state was further 
investigated by wide angle X-ray scattering (WAXS). The 
WAXS patterns of drop cast films before and after annealing 
at 140°C are shown in Fig. S2. Both films displayed a broad 
diffraction peak at 24.7° (2θ) corresponding to a d-spacing of 
3.6 Ǻ, which we attribute to the π-π stacking distance of 
pDTTG-TPD backbones. This is smaller than the typical 
distances of 3.7-3.8 Ǻ observed for other TT containing pol-
ymers like pBTTT.
16
 The as-cast films also show a peak 
around 4.6° attributable to lamellar packing of the polymer 
backbones. This lamellar peak increases in intensity upon 
annealing, suggesting an increase in polymer ordering. These 
results demonstrate that despite the presence of the two 
bulky ethyl-hexyl groups on the germanium bridge, the pol-
ymer is still able to order in the solid state. 
To furthermore investigate the band gap and energy level 
of pDTTG-TPD, the redox behavior was measured by cyclic 
voltammetry (CV) as a thin film. The inserted curve in Figure 
1 shows that pDTTG-TPD possesses a reversible oxidation 
and an irreversible reduction. Based on the assumption that 
the absolute energy level of ferrocene/ferrocenium (Fc / Fc
+
) 
is -5.1 eV to vacuum
17
, the energy levels of the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied mo-
lecular orbital (LUMO) were evaluated with the value of -
5.68 eV and -3.88 eV according to their oxidation and reduc-
tion onset potentials. As a result the value of electrochemical 
band gap was calculated as 1.8 eV, which is in excellent 
agreement with that of optical band gap. 
The charge transport behavior of pDTTG-TPD was inves-
tigated in bottom contact, bottom gate transistor devices. 
The dielectric layer (SiO2) layer was treated with octadecyl-
trichlorosilane (OTS) and the Au source drain electrodes 
were treated with pentafluorobenzene thiol before use to 
afford a reliable work function. Devices were fabricated by 
spin coating hot chlorobenzene solutions followed by an-
nealing of the devices at 140°C. The transfer and output char-
acteristics are shown in figure S3. Some contact resistance is 
clearly observable in the output plots, most probably due to 
the mismatch in work function between the low lying poly-
 mer HOMO level and the source electrode. Nevertheless the 
polymer still exhibited promising p-type transistor perfor-
mance, with saturated charge carrier mobilities up to 0.11 cm
2
 
V
-1
 s
-1
 observed. 
Figure 2. J-V curve of optimized 1:2 pDTTG-TPD:PC71BM 
blend. Inset: EQE curve for this device. 
The photovoltaic performance of pDTTG-TPD was investi-
gated in bulk heterojunction devices with a conventional 
device  configuration of ITO/PEDOT:PSS 
/PTTGTPD:PC71BM/Ca/Al. Figure 2 shows the best device 
performance based on the film spin-coated from an optimal  
1:2 (w/w) ratio of pDTTG-TPD/PC71BM blend solution in 
dichlorobenzene at 80 °C. Further annealing at 140 °C  did 
not change the performance. The optimum active layer 
thickness was found to be between 90-110 nm, limited by the 
limited solubility of the donor polymer. The illuminated 
(A.M. 1.5) current density-voltage (J-V) curve in figure 2 ex-
hibits a Voc of 0.81 V, a Jsc of 13.85 mA cm
-2
 and a FF 0f 64%, 
leading a PCE of 7.2%. Average device efficiencies were 6.8%. 
We note that this good performance was achieved without 
the use of any processing additives. Such additives are often 
required in the case of largely amorphous donor polymers to 
drive phase segregation during the film drying process by 
preferential solubility of one of the components in the addi-
tive. 
18
 In our case, the use of the high boiling additive diio-
dooctane (DIO) led to deterioration in device performance to 
5.9% (Fig S6). To the best of our knowledge pDTTG-TPD is 
one of the only polymers to exhibit such high efficiencies in a 
conventional device structure without processing additives.
19
  
The external quantum efficiency (EQE) spectra of the de-
vice is displayed in Figure 2 (inset), giving a broad response 
range covering 350-700 nm. Integration of this spectrum with 
that of AM1.5 gave 13.80 mA cm
-2
, in good agreement with 
that measured in our solar simulator. Of particular im-
portance is nearly 70% intensity from 500 to 700 nm, which 
shows an excellent agreement with the absorption of 
pDTTG-TPD. In the spectra range from 350 to 500 nm there 
is also average 55% response, assigned to photocurrent gen-
eration from PC71BM.  
The morphology of the device active layers was character-
ized by atomic force microscopy (AFM). As shown in figure 
S5, the as-cast film exhibits features on the 10-20 nm 
lengthscale, suggesting detrimental large-scale phase segre-
gation is not occurring between the polymer and the PC71BM, 
and that instead the two materials are relatively intimately 
mixed. Intimate mixing of the donor polymer with  PC71BM 
is supported by photoluminescence (PL) data, which indicate 
the PL of the pure polymer film is quenched > 96% upon 
mixing with PC71BM at the 1:2 ratio (figure S6). We note 
PC71BM PL was less strongly quenched (~82%), consistent 
with the lower EQE data obtained following PC71BM excita-
tion, and indicative of the formation of relatively pure, ag-
gregated PC71BM domains on length scales comparable to 
PC71BM exciton diffusion lengths (~ 5 nm).
20
 
 
Figure 3.  (A) Transient absorption decays of 1:2 pDTTG-
TPD:PC71BM blend films as a function of excitation intensity. 
Inset: Signal amplitude at 250 ns as a function of excitation 
intensity. (B) Comparison of photocurrent and photovoltage 
transients of devices under the same background illumina-
tion (25% sun).  Inset: Charge densities determined from 
charge extraction data as function of irradiation intensity. 
 Transient absorption data were employed to assay charge 
generation and non-geminate recombination in 1:2 pDTTG-
TPD:PC71BM blend films. Optical excitation resulted in ap-
pearance of a broad transient absorption peak at 1050 nm, 
typical of polymer positive polarons.
21
 This feature decayed 
with power law decay dynamics typical of dissociated polar-
ons.
21 
The large amplitude of the transients, even at excita-
tion energy densities as small as 1.3 J.cm
-2
, suggests that 
charge generation is very efficient in this system (Figure 3), 
despite the relatively low energy offset driving charge separa-
tion. This ability to separate charge efficiently even with a 
low energy offset can most probably be attributed to the do-
nor/acceptor nature of pDTTG-TPD.
22
 The exponent of the 
power law decay is ~ 0.45, and indicative of a reasonably low 
level of energetic disorder. Similarly, the sharp saturation of 
the transient signal with increasing excitation density (Insert, 
Figure 3A) is indicative of a reasonably low level of intraband 
trap states, estimated from these data to be ~ 5 x 10
17
 cm
-3
. 
Transient photovoltage, photocurrent and charge extrac-
tion data were further employed to analyse the charge carrier 
dynamics in 1:2 pDTTG-TPD:PC71BM devices.
23
 A compari-
son of transient photocurrent and photovoltage transients 
collected under 0.25 sun irradiation indicate rapid charge 
extraction at short circuit relative to non-geminate recombi-
nation at open circuit (decay times of 0.7 and 4 s respective-
 ly, Figure 3B), indicative of efficient charge collection in the 
device. Charge extraction data (see inset Figure 3B) yielded a 
spatially averaged charge carrier density of 4x10
16
 cm
-3
 under 
one sun illumination at Voc. The effective transverse drift 
mobility, determined as previously from the charge density 
at short circuit,
24
 was found to be of 1.4×10
-4
 cm
2
 V
-1
 
 
s
-1
 . Open 
circuit voltages calculated from these charge densities and 
decay times are in excellent agreement with directly meas-
ured values (Figure S7), indicating that Voc is determined by 
non-geminate recombination.  
For most other recently reported donor-acceptor poly-
mers, increases in polymer ionization potential relative to 
P3HT controls are only partially reflected in increases in 
Voc.
19, 21
 In contrast our analysis of n(Voc) from charge extrac-
tion data indicates  the  larger electronic band gap of the 
pDTTG-TPD blend devices results quantitatively in an in-
crease in Voc  - specifically a measured increase of electronic 
band gap by 247 mV relative to P3HT agrees quantitatively 
with an increase in Voc  by~ 250 mV.
25
 Indeed the mobility 
and recombination data observed here for pDTTG-TPD are 
very similar to P3HT:PCBM devices, indicating comparable 
‘reduced Langevin’ recombination (Langevin prefactor of ~ 
10
-3
 ).
20
 This is indicative of a favourable film microstructure 
for charge collection. These favourable charge carrier dynam-
ics, combined with an increased electronic bandgap without 
loss of charge photogeneration efficiency, can explain the 
high efficiency of the pDTTG-TPD devices reported herein.  
In conclusion, we have synthesized a novel ladder-type 
fused ring donor DTTG incorporating two thieno[3,2-
b]thiophene units bridged by a dialkylgermanium. Co-
polymerisation with N-octylthienopyrrolodione by Stille pol-
ycondensation affords a polymer with a low optical band gap 
combined with a high ionization potential. Photovoltaic de-
vices based upon pDTTG-TPD:PC71BM blends exhibit effi-
ciencies up to 7.2% for as-cast films with no processing addi-
tives or thermal annealing. These preliminary results indicate 
that polymers containing fused DTTG moieties are promis-
ing candidates for high efficiency OPV devices. We note the 
synthetic route outlined here enables considerable synthetic 
scope to further tune the performance by modification of the 
bridging heteroatom. 
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